I
nvasion o f the zebra mussel, Dreissena polymorpha (Bivalvia: Dreissenidae) , into the Laurentian Great Lakes is o f great concern because, at high densities, mussels may negatively affect raw water users and indigenous fauna and flora (Griffiths et al. 1989; Hebert et al. 1989; Gannon et al. 1990; Schloesser et al. 1990; Sblendorio et al. 1991) . I n 1989, zebra mussel populations i n the Great Lakes increased r a p i d l y and reached m a x i m u m densities (> 700 000 / m2) far greater than those recorded in European waters (reviewed in Nalepa and Schloesser 1993) . At present, i t is not known if zebra mussels w i l l reach high densities i n all waters that they invade, but they are expected to spread throughout much o f North America during the next 20 yr (Griffiths et al. 1989, 199 1 ; Strayer 199 1 ; Neary and Leach 1992) .
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The epizoic colonization o f hard-bodied invertebrates including snails, crayfish, and unionid bivalves by zebra mussels has been an observed characteristic o f the zebra mussel invasion in the Laurentian Great Lakes (Nalepa and Schloesser 1993) . I n Europe, zebra mussels are especially epizoic on unionid bivalves (Lewandowski 1976) , where they attach to shells by byssal structures (Fig. 1) . Infestation o f unionids b y zebra mussels i n the Great Lakes has been observed in nearshore waters of Lake St. Clair (Hebert et al. 1989 (Hebert et al. , 1991 Mackie 1991 Mackie , 1993 Hunter and Bailey 1992; Nalepa 1994; Gillis and Mackie 1994) . western Lake Erie Garton and Haag 199 1 ; Haag et al. 1993) . eastern Lake Erie (D.W. Schloesser, personal observation), Lake Huron (T.F. Nalepa, personal observation), and Lake Michigan (E. Marsden, Illinois Natural History Survey, Zion. 1L 60099, personal observation). There i: cern. but iiltle confirmatory evidence, about detrimental effects of infestation on naturally occurring unionid paptllatic~ns (reviewed in Schloefser and Kovalak 1991).
The present study was conducted to assess the effects of zebra mussels an unionids in offshore waterc of western Lake Erie. This information should be valuahlc in determining the potential effects of 7ebra inucscl infestations on unionids elsewhere in North America.
Methods
Unionid bivalves and infesting zebra mussels wcre coIIected in c~ffshore waters of western Lake Eric at one index station (9L) i n September 1989, May-June and Septemhcr 1990, and July 1991, and at 17 station< in Junc-July 1991 ; all 17 stalions were previously sampled for unionid hivalvcs in 1961 . 1972 , and 1982 2: Carr and Hiltunen 1965) .
Qualitative sampling was performed with an epibenthic sled (46 X 25 cm) at the index station (9L) during all four sampling periods (Fig. 2) . The sled was similar to that uxed by Miller et al. ( 1989) . The sled was repetitively pulled (ca. 5 min per tow) with a small boat for about the same accumulative amount of time (i.e., 4 h) each sampling periad. A minimum 3:l ratio of tow rope length to water depth was maintained. and the rope was manually monitored to ensure contact of the sled with substrates during sampling. Sedimenls were composed of soft, pudding-like mud under a thin layer (ca. I cm) of silt. Unionids and attached 7ebra mussels were removed from thc sled, individual1 y preserved in a 5% buffered (CaCO,) formalin solution, and taken lo the laboratory.
Qualitative and quantitative sampling were performed at the 17 stations located thraughoul western Lake Erie in June-July 1991 (Fig. 2) . At each station, one epibcnthic sled tow (qualitative, 5 min per station) was performed as described above. I? additiun, three replicate Ponar grah (quantitative, 0.05 m') samples were collectcd at each station to compare with the published literature (Nalepa et a?. 1991) . Sediments consisted primarily of soft mud, which filled 100% of the Ponar at all stations except 4R, SR, 5M, and 4L, where sediments consisted of a combination of silt, mud, and sand, which filled between 112 and 118 of a Ponar sample. Samples were washed in a U.S. Standard No. 30 sieve (0.65mm mesh), individually preserved in a 5% buffered (CaCO,) formalin solution, and taken ta the laboratory.
In the laboratory, samples were washed over a U.S. Standard No. 60 sieve (0.25-mm mesh). Unic~nid shells were removed from dehriq. Individual half shells of dead unionids that could be paired were included in the present study and unpaired half sheZls were discarded. Unionids and attached zebra mussels were identified, counted, measured, and weighed. Unionids were identified following Clarke (1 911 1 ) and by comparisons with bivalve taxonomic reference collections. Taxonomic in I-mrn size classes. A randomly selected suhsample of 200-300 mussels 4 -m m long per unionid and all mussels >7-mm long were measured for cach sampling period. Length-frequency distributions of unmeasured musscls <fi mrn were based o n the proportions of measured subsampled mussels in each whole rnillimetre size group, Cohort groups wcre based on lengths ct~rresponding to the smallcst number of mussel5 between length-frequency distribution peak?. Age determinations of young-of-the-year and youngof-the-year-plus muc;sell; were based on a January 1 spawn date (Griffiths et al. 1991; Schloesser and Kovalak 199 1) . This procedure is adequate to separate annual size groups of mussels during the sampling period in the study area . Infestation is used to describe the coloni~ation of unionids hy zebra mussels fnllnwing the concept that m u s~e l x arc ectoparasites as described by Margolis et al. (I982) , used by Schlacsser and Kovalak (19911, and demonstrated in the present study.
Results
Index Station
Total proportions of live and dead unionids changed dramatically at the index station between September 1989 and July 1991 (Fig. 3) . In September 1989, the unionid collection consisted of 53% live individuals (of 54 total individuals); in May-June 1990, the population was 17% live (54 individuals). In September 1990 (56 individuals) and July 199 1 (46 individuals) no live unionids were collected.
Eight unionid species were collected. These taxa, and the percent composition of thc tola! number of individuals (210) (9L) and 17 stations where unionid bivalves and infesting zebra mussels (Dreissena polymorpha) were collected in western Lake Erie 1989-91.
alatus (2%), Lampsilis cardium (I%), Amblema plicata plicata (I%), and Elliptio dilatata (<I%). The only consistently collected species was L. siliquoidea, which accounted for the majority of changes of live (89% of the total number) and dead (60% of the total number) individuals.
All live unionids were infested by zebra mussels (Table 1) . Proportions of dead unionids showing infestation declined from 77% in September 1989 to 26% in July 1991. This decline was not accompanied by an increase in the proportion of dead unionids exhibiting byssal threads. Proportions of dead unionids showing no evidence of infestation increased from 23% in September 1989 to 74% in July 1991.
There was substantial variation in intensity of infestation between sampling periods (Table 2) . Total mean intensities per sampling period ranged between 79 and 7022 individuals per unionid and 3 and 37 g per unionid, whereas intensities on individual unionids ranged between 4 and 14 393 per unionid and 1 and 104 g per unionid. Mean intensities on successive sampling datesindicate that infestation declined in winters and increased in summer. Mean intensities of live and dead unionids were similar in September 1989 and higher for live than for dead unionids during May-June 1990. Maximum individual intensities of live and dead unionids were 11 550 and 14 393 unionid, respectively. In September 1989, mean weights of infesting mussels exceeded unionid mean weights by a factor of about three; in May-June 1990, infestation weights dropped to about one-third of host unionids; in September 1990, weights of mussels and unionids were about equal; and, in July 1991, weights of mussels were substantially lower than weights of unionids.
The zebra mussel population was composed of two size groups or age-classes, which declined substantially during the winter months when unionids bury in substrates (~i g . 4). The total density of infesting mussels was 7022 per unionid Increased numbers of zebra mussels between successive sampling periods only occurred between May-June 1990 and September 1990 when small freshly spawned mussels increased densities from 248 per unionid to 1049 per unionid. In general, the mean density of smaller mussels was greater than the density of older, larger mussels, except in July 1991 when large mussels were about three times more abundant than small mussels. In September 1990 and July 1991, many of the zebra mussels, especially the larger mussels, were loosely attached and some appeared freshly dead, as evidenced by open shells and decaying tissues. Length-frequency distributions of zebra mussels on live and dead unionids were different in September 1989 and May-June 1990 (Fig. 5) . In September, live unionids were colonized by more mussels of most length classes than were dead unionids. In May-June 1990, more mussels of most length classes colonized dead rather than live unionids.
Seventeen Stations
In 1991, no live unionids were collected with the Ponar sampler at 17 historically sampled stations where live unionids had been found in the previous three decades (Table 3) . Unionid diversity and abundance declined from 1961 to 1982 when five unionid species occurred at 6 of 17 stations (35%) and the mean density at all stations was 4/m2. A total of 23 dead unionids representing 5 unionid species (Lampsilis siliquoidea (15), Ligumia nasuta (3), Potamilus alatus (3), Amblema plicata plicata (I), and Fusconaia j7ava (1) were found.
Only four live specimens were collected with the epibenthic sled at the 17 stations in June-July 1991; three were Amblema plicata plicata (from stations 11D, 14D, and 2L) and one was Fusconaia flava (from station 14D); however, a total of 187 dead specimens representing 10 species, mostly Lampsilis siliquoidea, Ligumia nasuta, Potamilus alatus, and A. p. plicata, were collected (Table 4 ). The largest number FIG. 4. Length-frequency distributions of zebra mussels (Dreissena polymorpha) removed from unionids collected at index station 9L in western Lake Erie 1989-91.
TABLE 2. Mean (k SE) numbers and dry weights of zebra mussels (Dreissena polymorpha) per infested unionid, and in parentheses, numbers and mean dry weight of unionids at an index station (9L; Fig. 2 
Discussion
Present Study Our study reveals that live Unionidae were nearly extirpated in a large portion of western Lake Erie between 1989 and 1991. Live unionids were present at an index station in 1989 but disappeared by 1990, and no live unionids were found in 1991 at 17 quantitatively sampled stations, where unionids had been present for decades. In addition, qualitative sampling revealed that only 4 of 191 total specimens were live, and all of these were infested by zebra mussels. Dramatic exponential increases of zebra mussel densities occurred in western Lake Erie in 1989 (reviewed in Nalepa and Schloesser 1993) . These increased densities of mussels coincided with rapid and massive infestation of unionids and their subsequent decline in western Lake Erie. We believe that the invasion of zebra mussels into western FIG. 5. Length-frequency distributions of zebra mussels (Dreissena polymorpha) removed from live and dead unionids collected at index station 9L in western Lake Erie September 1989 and May-June 1990. Lake Erie in 1986 (Griffiths et al. 1991) , plus the dramatic increase in mussel densities and massive infestation of unionids in the summer of 1989, indicate that zebra mussels caused near extinction of unionids in a large portion of western Lake Erie by 1990.
Infestation intensities, length-frequency distributions of infesting zebra mussels, and proportions of unionids showing evidence of infestation indicate that unionid mortality due to zebra mussels primarily occurred shortly after the present study was initiated. In fall 1989, infestation intensities and length-frequency distributions of zebra mussels on live and dead unionids were similar, indicating that infested live and dead unionids collected in fall 1989 were exposed to the same exponential population growth of mussels that occurred in the summer of 1989 (Nalepa and Schloesser 1993) . In fall 1989, most dead, and all live unionids, showed no evidence of being buried in soft sediments at the index station, indicating that they had maintained themselves at the sediment-water interface during the summer of 1989. However, a few dead unionids appeared to have been buried in sediments for a short period (as evidenced by odor, decaying tissues, and the presence of black subsurface sediments in mussel and unionid shells); such mortality is attributed to the inability of unionids to maintain themselves at the water-sediment interface because of the three-fold increase in weight of infesting mussels and subsequent smothering in the sediment. Dead unionids that showed no infestation (23%) were mostly old, decalcified specimens that appeared to have been buried and not exposed to zebra mussel colonization in 1989. By spring 1990, length-frequency distributions of mussels on dead unionids were substantially different than those for mussels on live unionids, and 22% of dead unionids showed evidence (i.e., byssal threads attached) of having been infested. Most of the small number of zebra mussels that were attached to unionids in spring 1990 were dead, black, smelled of decaying flesh, and appeared to have been buried in substrates when sampled. These freshly dead zebra mussels probably died from suffocation during winter months when unionids typically burrow into the substrate (Morton 1993 ). In addition, freshly dead unionids were found in spring 1990 and fall 1990. No freshly dead unionids were found in summer 1991. Increasing proportions of dead unionids and unionids showing evidence of infestation would be expected throughout the period of study if the zebra mussel infestation was the primary cause of mortality. However, observations of byssal threads attached to unionid shells buried in sediments of western Lake Erie and artificially suspended in the water column indicate that visible evidence of zebra mussel infestation only remains on unionids for 3-4 mo after unionids die and are buried in soft sediments (D.W. Schloesser, personal observation) . Thus, the use of byssal threads as an indicator of unionid infestation and resulting mortality is possible for only a short period of time after unionids become buried in soft sediments.
Historical Unionid Studies
The near total absence of live Unionidae in 1990 and 1991, and the speed at which the decline occurred between 1989 and 1991 is historically unprecedented in the offshore waters of western Lake Erie. Nalepa et al. (1991) documented the long-term decline of Unionidae in the western basin using available data collected with Ponar-type samplers from several previous studies. Nalepa's study showed that densities of unionids declined from 10/m2 in 1961 to 6/m2 in 1972 to 4/m2 in 1982; the proportion of stations TABLE 4. Number of dead unionid species collected in an epibenthic sled (5 minute tows) at 17 stations (Fig. 2) Nalepa et al. (1991) believed it to be related to reduced water and substrate quality. Between 1982 and the present study, unionid densities at the index station declined from 4 to 0/m2, the percentage of stations with unionids declined from 35 to 0%, and the number of unionid species declined from 5 to 0. The near total absence of live unionids at the 17 stations sampled by the Ponar sampler is confirmed by results from epibenthic sled samples. Species composition of dead unionids in sled samples was similar to the composition of live unionids found in earlier studies (Nalepa et al. 1991) . Although declines of unionid abundance have been documented throughout western Lake Erie for every 10-yr period since 1961, the rapid decline of Unionidae at the index station between fall 1989 and spring 1990 and the total absence of live unionids in fall 1990 and summer 1991 indicate that substantial changes occurred which affected unionid survival over a very brief time. Rapid declines of unionids in other water bodies have been attributed to diseases, parasites, short-term fluctuations in water quality, and unknown causes (reviewed by Neves 1987) . Examination of unionids in fall 1989 revealed no morphological evidence of unionid disease or parasites. Historically, western Lake Erie has been subject to catastrophic, short-term declines in water quality, such as low oxygen levels (Britt 1955; Carr and Hiltunen 1965; Wood 1973) . However, observations while sampling in the present study indicate good habitat conditions, as evidenced by the presence of other live benthic organisms (i.e., amphipods, isopods, oligochaetes, chironomids, etc.) throughout the sampled area. In addition, benthic quality surveys of western Lake Erie indicate that habitat conditions improved dramatically between 1979 and 1991 (Farara and Burt 1993) and were good in 1993 (as evidenced by the presence of Hexagenia spp. nymphs; D.W. Schloesser, unpublished data) . These surveys indicate that improved habitat conditions may have allowed the historically declining unionid populations to increase in abundance in western Lake Erie. However, if unionid recovery in western Lake Erie is to occur, it will probably take much longer after the severe mortality caused by the zebra mussel.
Other Zebra Mussel -Unionid Interaction Studies
The dramatic decline of unionids as documented in the present study is similar to that in Lake St. Clair located immediately upstream of western Lake Erie ( Fig. 2; Nalepa 1994; Gillis and Mackie 1994) . Potential negative effects of zebra mussels on unionids in the Great Lakes were first noted in Lake St. Clair in 1988 by Hebert et al. (1989) , who found a maximum of 35 mussels on one unionid and suggested that zebra mussels may be an interference competitor of native unionids. After zebra mussels spawned in Lake St. Clair in 1989, Hebert et al. (1991) noted a maximum infestation intensity exceeding 10 000 mussels per unionid but provided no individual data. Hebert et al. (1991) determined that infested unionids had 50% lower levels of lipids in body tissues than noninfested unionids and suggested that the long-term survival of unionids in Lake St. Clair may be threatened. Additional studies by Mackie (1991 Mackie ( , 1993 in Lake St. Clair indicated a maximum infestation intensity of 625 and a mean intensity of 210 mussels per unionid. Nalepa (1994) surveyed Lake St. Clair and found that in areas of high zebra mussel infestation (>55 per unionid) unionids disappeared in a large portion of the lake between 1990 and 1992. Nalepa found some unionid populations in northwestern Lake St. Clair where infestation intensities were below 3 per unionid.
Near extirpation of unionids in Lake Erie occurred about 1 yr (1990) earlier at the index station in the present study than in southern Lake St. Clair (1991), even though zebra mussels invaded both areas in 1986 (Gillis and Mackie 1994; Griffiths et al. 1991 ). In general, mean intensities in western Lake Erie are about 7-to 10-fold higher than in Lake St. Clair (Hunter and Bailey 1992; Leach 1993) . In 1989, Schloesser and determined that unionids in nearshore waters of western Lake Erie were infested by mussels at a maximum intensity of 10 732 and a mean intensity of 6777 per unionid and suggested that the survival of unionids with these intensities was unlikely. In the present study, maximum infestation intensities of live (1 1 550) and dead (14 393) unionids exceed those reported earlier.
Higher infestations in western Lake Erie than Lake St. Clair are attributed to differences in substrate densities of zebra mussels. Maximum densities in western Lake Erie have been reported to exceed 342 000/m2, whereas in Lake St. Clair maximum densities have not exceeded 19 000/m2 (Leach 1993; Hunter and Bailey 1992) . As shown by Lewandowski (1976) , there is a direct relationship between unionid infestation rates and relatively low environmental densities of zebra mussels. At low environmental densities in Europe, there are few documented effects of infestation on unionids (Lewandowski 1976; Schloesser and Kovalak 1991) . However, high infestation intensity did occur in Lake Balaton, Hungary, in the 1930s and caused high unionid mortality (Sebestyen 1938; reviewed by Schloesser and Kovalak 1991) .
Mechanisms of Unionid Mortality
At present, the causal mechanism(s) of increased mortality of unionids as a result of zebra mussel infestation is unknown. This is partly because declines have only recently been attributed to mussel infestations, and because it is difficult to separate interactions between habitat characteristics and infestation impacts. There are several hypothetical causal mechanisms, which may not be the same for all habitat conditions Mackie 1991 ).
-impair normal locomotion and burrowing activities -prevent valve closure, thus exposing the unionid to predation, parasitism -prevent valve opening, thus stopping respiration -smother siphons, thus stopping metabolic activities -reduce available food for the unionid -cause shell deformities, thus preventing normal growth -generate metabolic wastes, thus causing toxic effects -add weight to the unionid shell, thus causing unionid to sink into soft sediments and be smothered
However, even at relatively low infestation rates and low environmental densities of zebra mussels, unionids have shown physiological effects (e.g., reduced lipid content, Hebert et al. 1991 ; reduced glycogen content, Haag et al. 1993 ) and complete mortality (Gillis and Mackie 1994) . A reduction in metabolic reserves of infested unionids has been observed in controlled studies in western Lake Erie and in natural populations in Lake St. Clair (Hebert et al. 1991; Haag et al. 1993) .
We attribute unionid mortality to reduced metabolic reserves, as evidenced by high mortality and poor condition of unionids collected in spring. Many dead unionids collected in spring 1990 contained decaying flesh and appeared to have been buried in the soft sediments. Reduced metabolic reserves of unionids caused by infesting mussels in the summer 1989 combined with increased weight of infesting mussels prevented unionids from surviving winter and (or) prevented burrowing unionids from reaching the substrate surface in 1990 when water temperatures increased.
We have documented dramatic reductions in unionid populations in western Lake Erie. The rapid, large invasion of the study area by zebra mussels corresponded with a near 100% mortality of unionids. To date, all studies support predictions (French 1990; Hebert et al. 1991; Schloesser and Kovalak 1991) that high densities of zebra mussels will result in high infestation intensities and that these would cause mortality of unionids in the Great Lakes, and possibly throughout much of North America.
